Environmental context. Water is an essential compound for life; however, several factors limit the amount available for human consumption. Every day, thousands of pollutants are discharged into drinking water. Here, new materials that are efficient as adsorbents and photocatalysts for pollutants are reported.
Introduction
Water is one of the most abundant compounds in Nature, covering approximately three-quarters of the Earth's surface. Despite its apparent abundance, several factors limit the amount of drinkable water available for human consumption. Human activities can affect water quality in many different ways by addition of chemical and biological pollutants and biodegradable and non-biodegradable substances, causing illness, disability, death and even disappearance of animal and plant species. [1] So, removal of environmental pollutants is essential because of their harmful effects on ecosystems. There are now several methods proposed for the treatment of contaminated wastewater such as solvent extraction, reverse osmosis, advanced oxidation and adsorption. [2] [3] [4] [5] Adsorption on porous materials with a high specific surface area has been the predominant method owing to its low initial cost, simplicity of design, versatility, ease of operation, and insensitivity to toxic substances. [6, 7] However, adsorption implies the change of the pollutant from the liquid to the solid phase, but not its degradation, which is highly desirable.
Development of new materials and technologies for removal of organic and inorganic emerging contaminants (EC) is a key point for sustainability of the environment and also for human health. A large number of non-regulated ECs has been detected, mainly in the nanogram per litre to microgram per litre range, in surface waters across Europe. Recently, more than 200 different pharmaceuticals were reported in river waters, with concentrations up to a maximum of 6.5 mg L À1 for ciprofloxacin. [8] The increasing spread in the environment of antibiotic-resistant bacteria caused by the presence of antibacterial drugs is a crucial health concern. [9] The use of sunlight as a source of energy for the removal of pollutants in wastewater has aroused great interest. Emerging contaminants (pharmaceuticals, steroids and hormones, personal-care products, antiseptics, surfactantsy) have to be removed in wastewater treatment plant effluents. [10] New efficient materials based on titanium-pillared montmorillonite efficient as photocatalysts for and adsorbents of pollutants are reported in the present paper. These solids have been tested for removal of methylene blue and trimethoprim. Methylene blue (MB) is a heterocyclic aromatic chemical compound (a phenothiazine derivative) with the chemical formula C 16 H 18 N 3 SCl. It is a component of a frequently prescribed urinary analgesic, antiinfective and antispasmodic known as ProsedÒ/DS. Trimethoprim (C 14 H 18 N 4 O 3 , TMP) is a bacteriostatic antibiotic derived from trimethoxybenzylpyrimidine and almost exclusively used in the treatment of urinary tract infections. Trimethoprim belongs to a group of chemotherapeutic agents known as dihydrofolate reductase inhibitors.
The concentration of TMP in wastewater has been reported to be in the microgram per litre range. Thus, values of 0.66-0.71 mg L À1 , [11] 0.6-7.6 mg L À1 in Swedish hospital sewage water, [12] 0.12-0.16 mg L À1 in East Aurora and Holland wastewater effluents, [13] and 0.013-0.15 mg L À1 in US streams [14] have been found. Additionally, a study carried out in Australia showed that TMP was detected 50 m from a site of discharge, even finding bacteria (Escherichia coli) resistance to TMP. [15] Adsorption has been used by some authors for removal of TMP. A maximum adsorption capacity of 0.89-1.12 mmol g À1 of TMP on a commercial carbon was reported, dependent on the particle size, [16] whereas 0.41-1.19 mmol g À1 was adsorbed by pyrolysed and activated lotus stalks [17] and 0.31 mmol g À1 by sewage sludge and fish waste-based adsorbents. [18] Using a montmorillonite clay, adsorption of 0.14-0.44 mmol g À1 was found. [19] It is estimated that more than 100 000 commercially available dyes with over 7 Â 10 5 tonnes of dyestuff are produced annually. [20] Public perception of water quality is greatly influenced by its colour. The presence of even very small amounts of dyes in water -less than 1 mg L À1 for some dyes -is highly visible and undesirable. [21, 22] The rate of colour removal depends on the concentration of reactants, pH, ionic strength and surfactant concentration; it is also important for the supported catalysts to be very stable and reusable. [23] So, a removal efficiency of 98 % for MB at pH 4 using kaolin and 100 % at pH 5 using zeolite has been reported, [24] and 100 % at natural pH 6.9 and with an adsorbent dose of 600 mg per 50 mL of 10-mg L À1 dye concentration for coir pith carbon. [25] Using TiO 2 -montmorillonite under UV irradiation, 95 % removal has been found. [26] Montmorillonite (Mt) is a layered clay mineral belonging to the smectite group, able to absorb or exchange molecules or cations between its layers and to adsorb them on the external surface. An important disadvantage of smectites is the difficulty in controlling a permanent interlayer space, as the layers collapse on dehydration at 250 8C, hindering access to the interlayer space and limiting their applicability. The intercalation of large polyoxocations and the subsequent calcination of the solids thus obtained give rise to stable structures with constant interlayer spaces up to high temperatures. This process, called pillaring, allows solids (pillared clays, PILC) with an adequate porosity to be used as catalysts and adsorbents to be obtained. [27, 28] The pillars constitute the most active phase in these solids, while the layers mainly act as supports for this ultradispersed phase. TiO 2 is the most popular photocatalyst, owing to its high performance, low cost, chemical inertness, photostability and biocompatibility, [29] being largely used in the degradation of pollutants by photocatalysis. [30, 31] TiO 2 can be incorporated into smectites by pillaring, and in some cases, higher activity has been reported for Ti-pillared clays than for TiO 2 powder particles. [32] Incorporation of Ti into clays forming porous clay heterostructures (PCHs) has recently been reported, [33] and the addition of small concentrations of doping cations is expected to enhance the activity of titania pillared materials.
In the present paper, the use of titanium-pillared Mt to adsorb MB or TMP from aqueous solutions is reported. To this end, doping cations were incorporated into titanium-pillared Mt, studying the changes in the structural, textural and surface properties compared with those for the undoped titanium pillared clay, and also the change in photocatalytic properties by changing the band gap of TiO 2 . In order to reach this target, Ti solutions were doped with a series of different cations, namely Fe 3þ , Cr 3þ , Cu 2þ , Ag þ , Nd 3þ and In 3þ before the polymerisation step, in order to attain a later incorporation of these metal cations into the final titanium-Mt pillared nanocomposite; how clay functionalisation affected the capacity of Mt to adsorb MB or TMP was also studied. The incorporation of these metal cations and their influence on the properties of the final solids are discussed.
Materials and methods

Source material
The clay mineral used in this work was a raw Mt from Cheto, Arizona, USA (The Clay Minerals Repository, reference code SAz-1). The natural clay mineral was purified before its use by dispersion-decantation, separating the #2-mm fraction. Its cation exchange capacity was 0.67 mequiv. g À1 , its basal spacing 13.60 Å and its Brunauer-Emmett-Teller (BET) specific surface area (S BET ) 49 m 2 g À1 . [34] Preparation of the solids The preparation of the Ti-pillared Mt was carried out adapting the method proposed by Lin et al. [35] A titanium polycation solution, [(TiO) 8 
, [36] was prepared by slow addition, under vigorous stirring, of 11 mL of TiCl 4 (Sigma-Aldrich, Madrid, Spain) to 22 mL of absolute ethanol (Panreac, Madrid, Spain), until a homogeneous yellowish solution was obtained. This solution was added to a previously prepared solution of 25 mL of glycerine (Panreac) in 25 mL of distilled water. The new mixture stirred for 3 h, and then a portion of 8 mL was added dropwise to a previously prepared Mt aqueous suspension with a Ti/clay ratio of 40 mmol g
À1
, aging the new suspension under magnetic stirring for 18 h. Then, the solid was separated by centrifugation, washed by dialysis for 2 days, dried overnight at 70 8C and calcined at 500 8C for 2 h at a heating rate of 1 8C min
. For the doped solids, an appropriate amount of the dopant cations was added to the TiCl 4 2 O were used as precursor salts (salts of silver and copper were supplied by Panreac, and all the other reagents by Sigma-Aldrich, having the higher purity degree available and were used without any treatment). The preparation procedure was the same as described for the Ti solid. The solid pillared with only Ti is designated MtTi, and the doped pillared solids are designated by adding the symbol of the doping cation and its atomic percentage content; for instance, MtTiCr10 corresponds to the solid obtained by treatment of Mt with a solution containing 10 mol-% Cr 3þ and 90 mol-% Ti 4þ .
Characterisation techniques
Elemental chemical analyses were carried out by inductively coupled plasma-atomic emission spectrometry (ICP-AES) at Activation Laboratories Ltd (Ancaster, ON). The powder X-ray diffraction patterns were obtained over non-oriented powder samples, in the 2y range from 2 to 658, at a scanning speed of 28 min
À1
. The instrument used was a Siemens D-500 diffractometer, operating at 40 kV and 30 mA, with filtered Cu Ka radiation (l ¼ 1.5418 Å ). Fourier-transform (FT)-IR spectra were recorded in the 450-4000 cm À1 range on a PerkinElmer Spectrum-One spectrometer. Approximately 1 mg of sample and 300 mg of KBr were used in the preparation of the pellets. Thermal analyses were conducted on a SDT Q600 TA instrument. All measurements were carried out under a flow of 20 mL min À1 of oxygen (99.999 %, Air Liquide, Madrid, Spain) and a heating rate of 10 8C min À1 from room temperature up to B. González et al.
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900 8C. The textural properties were determined from the nitrogen (Air Liquide, 99.999 %) adsorption-desorption isotherms at À196 8C using a Micrometrics Gemini VII 2390 surface area and porosity apparatus. The samples (0.1 g) were degassed at 110 8C for 2 h. The specific surface area was calculated by the BET method, the external surface area and micropore volume by the t-method, and the total pore volume from the amount of nitrogen adsorbed at a relative pressure of 0.95. [37] [38] [39] The acidity was determined by adsorption of pyridine and heating at increasing temperatures, following the process by FT-IR spectroscopy. Solids (20 mg) were exposed to pyridine vapour in a desiccator for 1 h. Then, FT-IR wafers were prepared using a sample/KBr mass ratio of 10 : 600. The spectra were recorded after outgassing the wafers under vacuum at room temperature, and after heating them for 1 h at 100, 200, 300, 400 and 500 8C in an open system, in each case followed by cooling under vacuum. The spectra were recorded using the spectrometer mentioned above. The number of Brönsted and Lewis acid sites was evaluated using Eqn 1, proposed by Barzetti et al. and successfully applied to clay materials by Del Rey P erezCaballero and Poncelet: [40, 41] 
where q B,L is the concentration (mmol g À1 ) of Brönsted or Lewis acid sites, R is the radius of the wafer (cm), v is the wafer mass (g), A B,L is the integrated area of the bands at 1545 cm
À1
(for Brönsted sites) and 1450 cm À1 (for Lewis sites), and e B,L is the extinction coefficient, for which the values reported by Emeis were used, 1.67 AE 0.12 and 2.22 AE 0.21 cm mmol À1 for Brønsted and Lewis sites respectively. [42] The study of the samples by scanning electron microscopy (SEM) of the solids was performed at the Pulsed Laser Centre (CLPU, Salamanca, Spain) using a Carl Zeiss SEM EVO HD25 microscope. The samples were coated with a thin gold layer using a Bio-Rad ES100 SEN coating system.
Removal of methylene blue
Removal studies were carried out by determining the amount of MB that was eliminated after 24 h by means of experiments using 5.0 mL of a 500-mg L À1 MB (Sigma-Aldrich) solution and 50 mg of the adsorbent under constant stirring (initial pH of the solutions was 5.7, not controlled during the experiments). The experiments were carried out under exposure to UV radiation (l ¼ 365 nm, power ¼ 30 W) or without light, using the same chamber but maintained completely in darkness. Then, the clay was separated from the supernatant liquid by centrifugation at 1650 g for 10 min at room temperature, and MB concentration was determined by measuring the absorbance of the solutions at 665 nm, the wavelength of maximum absorbance for MB. After finishing the process, the solids were filtered, washed with distilled water 5-6 times, dried, and used in a second adsorption cycle, both with or without light and under the same conditions. All experiments were carried out in duplicate, and the values given are the average of both measurements.
Adsorption of trimethoprim
The adsorption kinetics experiments were carried out in glass vials by shaking a known amount of the adsorbent, typically 50 mg, with 5.0 mL of an ethanol/water (1 : 1) trimethoprim ($98 %, Sigma-Aldrich) solution (100 mg L
À1
). The suspensions were stirred at room temperature in the dark for a predetermined period of time (between 1 and 90 min for intercalated samples and between 1 and 270 min for the natural clay). Then, the clay was separated from the supernatant liquid by centrifugation at 1650 g for 10 min at room temperature. UV-visible spectroscopy (Thermo Electron Helios Gamma spectrophotometer) was used to determine the concentration of trimethoprim in the solutions from their absorbance at 289 nm, the wavelength corresponding to the maximum absorbance of TMP. Calibration had been previously carried out with TMP solutions at concentrations ranging between 1 and 50 mg L À1 , the range used in the adsorption experiments and in which absorbance shows a linear response with concentration, following the Beer-Lambert law. After determining the TMP concentration in the supernatant liquid, the amount adsorbed onto the solid was calculated according to Eqn 2:
where q t (mg g À1 ) is the amount of TMP adsorbed at time t (min), C i (mg mL À1 ) the initial concentration in the solution, C t (mg mL À1 ) the concentration at time t, V (mL) the volume of the solution, and m (g) the amount of adsorbent.
The adsorption equilibrium experiments were carried out in glass vials at room temperature by shaking 50 mg of the adsorbent with 5.0 mL of TMP aqueous solution at the selected concentration, between 1 and 400 mg L À1 (although the initial concentration was up to 400 mg L À1 , the equilibrium concentration was always within the calibration range). The vials containing the TMP solution and the adsorbent were shaken for 5 or 10 min for MtTiFe and MtTiCr photocatalysts or 150 min for the natural clay. The amount of adsorbed dye was calculated according to Eqn 3:
where q e is the amount of trimethoprim adsorbed (mg g À1 ) and C e (mg mL À1 ) is the equilibrium liquid-phase concentration of TMP.
Theoretical approach
To study the adsorption at equilibrium onto the pillared montmorillonites, the Langmuir, Freundlich and Toth isotherm models were tested.
The Langmuir isotherm describes the adsorption processes as a result of the formation of monolayers on homogeneous surfaces, which occurs on specific adsorption sites of the adsorbent. [43] The isotherm can be mathematically expressed as Eqn 4:
where q L (mg g
À1
) is a constant related to the monolayer adsorption capacity and b (mL mg
) is the Langmuir constant. The Freundlich equation is an empirical equation used to describe adsorption on heterogeneous systems. [44] It can be written as:
where k F and n are empirical constants that represent the extent of adsorption and its efficacy respectively. The Toth isotherm is used to evaluate equilibrium data for inhomogeneous adsorbents. In this equation, q L has the same meaning as in the Langmuir isotherm, and n is a parameter that measures the heterogeneity of the system (0 , n ,1). [45] When n ¼ 1, the Toth isotherm becomes identical to the Langmuir isotherm. Parameters b and n allow independent adjustment of the initial slope and curvature of the isotherm. [46, 47] It is usually written as:
where q T (mg/g) is a Toth constant, representing the monolayer adsorption capacity. , [34] although the amount of the doping elements was clearly lower when using In 3þ , Ag þ and Nd
Results and discussion
3þ
. The polycations are incorporated into the clay structure by cationic exchange of Ca 2þ , its main exchangeable cation, and to a lesser extent of Na þ and K þ existing in very low amounts in the original Mt. [34] Water is the only volatile species expected in the solids, and its content ranged between 23 and 30 %, so for easy understanding of the changes in the composition of the solids on incorporation of the Ti polycations, a double normalisation was carried out.
First, the composition was given as for water-free solids, that is, the sum of the metal oxides content was normalised to add up to 100 %. Then, the compositions were referred to the content of SiO 2 in the original Mt, as the tetrahedral sheet of the clay is probably not affected by the intercalation and pillaring treatment, the amount of SiO 2 thus remaining constant, and it can be used as a sort of 'internal standard'. The compositions thus normalised are given in Table 2 .
The amount of strong acid conditions, the incorporation of the polycations did not alter the composition of the Mt layers. The presence of doping metal cations in the Ti solutions led in all cases to lower TiO 2 loadings than in the non-doped MtTi solid. In any case, the amount of doping elements fixed in the solids was low. Moreover, in all cases, the amount fixed in the solids was larger when a larger concentration of the doping metal cation was used in the initial solution, and the M/Ti ratio was always lower than the ratio existing in the initial solution. The amounts fixed for In 3þ , Ag þ and Nd 3þ were also lower than those reported for Cr 3þ , Fe 3þ and Cu 2þ solids, [34] which may be related to the behaviour of the different cations under the polymerisation conditions used, necessarily very acidic to obtain polymerisation of Ti 4þ . However, the amount of doping elements fixed should still be enough to modify the behaviour of the final solids. Looking at the overall compositions of the final solids, they resembled nanocomposites formed by approximately three parts (by mass) of Mt and one of (doped) TiO 2 pillars.
Intercalation with Ti polycations always led to swelling of the interlayer region. The natural Mt had a well-defined basal spacing of 13.60 Å , which collapsed to 9.57 Å after calcination at 500 8C (Fig. 1) . [34] The 001 reflection showed a low intensity for all the intercalated solids, indicating that intercalation had a deleterious effect on the ordering of the layers. The basal spacing of the doped solids was always lower than for the solid containing pure Ti Table 3 ), suggesting that a lower degree of polymerisation was reached. After calcination at 500 8C, the ordering of the layers continued to be low, but it was slightly better than in the non-doped solid (Fig. 2) . Surprisingly, the basal spacing slightly increased on calcination, which is unusual, because calcination implies the dehydration-dehydroxylation of the polycations to form the final pillars, usually decreasing the basal spacing of the solids. In the current case, this finding suggests strong modifications in the polycations during the heating process, probably implying changes in the degree of polymerisation during the first steps of heating. Because the doping cations do not polymerise themselves, they may be incorporated into the Ti polycationic species, because their ionic radii are only slightly greater than that of Ti 4þ , or they may form segregated species; it should be noted that the amount of doping species incorporated is low. The doping cations may strongly alter the polymerisation mechanism of Ti 4þ in the intercalating solutions and the polycationic species incorporated into the solids may continue their polymerisation during the drying and heating steps, leading finally to higher basal spacings. The basal spacings were very similar when 5 or 10 % concentration of the doping element were compared, except for the case of In 3þ , for which an increase in the concentration of the doping element caused a strong increase in the basal spacing of the pillared solid.
However, the effects due to the in-layer reflections, independent of c-stacking, were recorded at the same positions for all the materials, indicating that the layers were not modified, in spite of the strong acidic character of the intercalating solutions. No diffraction effects were observed attributable to crystalline TiO 2 phases, or to the doping elements or mixed Ti-doping element phases.
The FT-IR spectra (Fig. 3) were similar for all solids. Pillared clays for methylene blue and trimethoprim removal and shifted to higher wavenumbers after intercalation, mainly for the Ag þ and Nd 3þ -doped solids, showing the interaction of these groups with the polycations. The band characteristic of the tetrahedral layer at 1042 cm À1 shifted slightly towards larger wavenumbers too, which is compatible with the removal of octahedral cations under the acidic conditions used for intercalation, because this shift is very typical for acid activation of clay minerals. [48] In the present case, although alteration of the layers was not observable by X-ray diffraction, the removal of a small proportion of the Mg 2þ was evidenced by the elemental chemical analysis results, as discussed above, and is now confirmed by FT-IR spectroscopy.
The thermogravimetric curves (that for MtTiAg10 is included in Fig. 4 as an example; for comparison, the curves for the MtTi sample are given in Fig. S1 ) showed mass losses of ,12 % up to ,250 8C associated with an endothermic effect centred close to 80 8C in the differential thermal analysis (DTA) curve, which can be attributed to the removal of water located in the interlayer region, bonded to the polycations or adsorbed on the external surface of the sheets. In the central temperature band, a 7 % mass loss effect was observed associated with several effects in the DTA curve. The most important one caused a clear mass loss and was associated with an exothermic effect centred at 280 8C with a shoulder at 400 8C, which can be attributed to the combustion of organic moieties from the polycations. The Ti polycation usually proposed during polymerisation of TiCl 4 with HCl is [(TiO) 8 [36] whereas for polymerisation of other Ti precursors, mainly alkoxides, the incorporation of organic moieties into the polycations has been claimed, [49, 50] although no new complete formulae have been proposed for the polycations. Thus, under the conditions used in the current work, with ethanol and glycerine in the reaction medium, organic species might be coordinated to titanium cations, being a part of the polycations. The removal of structural hydroxyls and a phase change from Mt to mullite was observed as a very weak effect close to 890 8C. No possible effects attributable to the doping elements were observed, as expected from the low amount of these elements fixed in the solids.
The N 2 adsorption-desorption isotherms of the solids (Fig. 5 ) corresponded to type II (IUPAC classification), with a type H4 hysteresis loop at high relative pressure (p/p 0 ) values, typical for solids with narrow slit pores. [51] The loop closed at a relative pressure lower than 0.4, the isotherm being reversible below this relative pressure. The BET specific surface area (Table 4) reached values between 211 and 235 m 2 g À1 for the solids treated with 10 % of the doping cations after calcination at 500 8C, being significantly higher that the S BET of the undoped Ti counterpart, 164 m 2 g À1 , after calcination at the same temperature. This effect should be related to the higher basal spacing of the doped solids, tentatively related to the different polymerisation of Ti 4þ precursors in the presence of the dopants. The t-plots (not shown) had two regions, suggesting a broad distribution of the size of the micropores. Extrapolation of the first part of the curve indicated that the micropore equivalent surface area was in all the solids close to one-half (44-49 %) of the total specific surface area. Accordingly, the pore volume was 0.06-0.07 cm 3 g À1 for the doped solids. All these magnitudes were clearly larger in the doped pillared solids than in the solid pillared with undoped titanium and, of course, much larger than the value for natural Mt calcined at the same temperature.
The surface acidity of the solids was evaluated by FT-IR spectroscopy, by adsorption of pyridine and subsequent desorption under heating at increasing temperatures. The bands due to adsorbed pyridine were intense after the adsorption process (before heating the solids) and also after heating at 100, 200 and, to a lower extent, at 300 8C, their intensities strongly decreasing after calcination at 400 8C and completely disappearing at 500 8C (Fig. 6) . Integration of the area of the peaks allowed the acidity to be quantified (Table 5) . Brönsted acidity strongly increased on pillaring, that is, it was much higher in the pillared solids than in natural Mt. The maximum values of Brönsted acidity corresponded to the solids calcined at 300 8C. However, Lewis acidity was also much higher for the pillared solids than for the natural Mt, and decreased progressively on heating.
Brönsted acidity appears in these solids mainly associated with the pillars and with the clay silanol groups. Brönsted acidity was clearly more pronounced for the pillared solids than for the parent Mt and, up to 200 8C, it was similar for the Ti-PILC and for the doped solids. However, at 300 and 400 8C, the doped solids showed a larger acidity than the undoped Ti-PILC, in particular at 300 8C, more than 120 mmol g À1 . That is, the presence of the dopants modified the strength of the acid centres. This evolution of acidity with temperature may be related to the BET specific surface area, also clearly higher for the doped solids, as discussed above. But it may also be related to the thermal behaviour of the polycations induced by the doping cations. In this sense, it was significant that Fe-, Cu-and Crdoped Ti-PILC showed their highest acidity values after calcination at 200 8C. [34] All the solids showed no acidity at 500 8C, the sudden decrease of acidity of the Ag-doped solid when the calcination temperature was increased from 300 to 400 8C also being remarkable.
Lewis acidity in PILC is associated with exchangeable cations and Al 3þ cations with incomplete coordination.
Intercalation removes exchangeable cations, and further calcination of the solids at 500 8C leads to the dehydroxylation of the polycations with an increase in the number of unsaturated Al 3þ , increasing this acidity. The presence of the doping cations made acidity increase with respect to the solid treated with pure Ti solution, suggesting that these cations may also contribute to the acidity, which also suggests that these cations are adsorbed on the surface of the clay, being accessible to pyridine. This also agrees with the fact that the solids containing Ag, Nd or In showed lower acidity than the similar solids containing Fe, Cu and Cr, [34] the acidity being related to the amount of the doping cations fixed.
Because acidity is a surface property, it is appropriate to relate it to the specific surface area of the solids. The number of acid centres per square metre, values given in parentheses in Table 5 , were higher for the doped solids than for the solid pillared with pure Ti. Thus, the increase in the amount of acid centres did not only depend on the larger accessible surface area of these solids, but on the true development of specific acid centres associated with the doping cations, which may be related to oxo bridges between the doping cations and Ti from the pillars, or between the doping cations and Si or Al from the clay.
The scanning electron micrographs of the pillared clays showed that the clay particles had a uniformly very rough surface, which was maintained in the doped solids (Fig. S2) . However, although the solid pillared with Ti pillars had a more globular appearance, the doped solids were spongier, which agreed with the evolution of the specific surface area and the pore volume of the solids.
Band gap values of TiO 2 were estimated using the Tauc plot approximation. [52] This method allows determination of the band edge by using the following equation: [53] 
where a, h, n, E g and A stand for the adsorption coefficient, Planck constant, radiation frequency, band gap energy and a constant respectively. From this equation, a plot of (ahn) 1/2 v. hn, the so-called Tauc Plot, [53] shows a linear region just above the absorption edge whose extrapolation to the photon energy axis (hn) yields the semiconductor band gap value. The values calculated (Table S1) were in all cases lower than the band gap reported for anatase, decreasing with increase in the amount of dopant cation and when the solids were calcined, and decreasing as well when the 1600 1550 1500 1450 1400
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MtTiIn10-Py200 other solids were compared with the MtTi-500 sample. So, both the amount and type of dopant cation, and the calcination temperature influenced the band gap, which reflects changes in the photocatalytic properties.
Removal of methylene blue
The amount of methylene blue removed in adsorption experiments with sunlight or in the dark was evaluated using 5.0 mL of MB solutions and 50 mg of the adsorbents. The solids with higher amounts of doping elements, so those prepared from solutions containing 10 % of the dopants, were used. The MB elimination percentages after 24 h are summarised in Table 6 . It is remarkable that all the catalysts exhibited very high activities when the experiments were carried out under UV light. If fact, in the first cycle, MB was almost completely removed, reaching values between 99.7 and 99.9 %, and preventing any valid comparisons with the behaviour of these catalysts. The solids were tested in a second catalytic cycle, and although the activity decreased, this decrease was only ,1 %, so the values may be considered practically constant within experimental error.
The removal efficiency was noticeably lower when the experiments were carried out in the dark, circumstances that allowed comparison of the different solids. The parent Mt showed a rather high removal efficiency, close to 31 %, a value similar, and even higher, than those shown by some of the pillared solids. The solids doped with Ag, Nd, and particularly with Cu, showed enhanced removal efficiencies. The Cu sample had the highest BET specific surface area, but although this magnitude can influence the removal efficiency, it did not seem to be a determining factor, and the same can be said for the acidity, because solids with notable differences in these magnitudes showed very similar removal efficiencies. Quite surprising results were obtained when the materials were tested in a second cycle because solids that were very active in the first one strongly decreased in activity, which was zero in the second cycle for the Ag and Nd solids, and ,only 2 % in the case of the Cu solid. In contrast, other solids maintained a fair efficiency: the solids doped with Fe and Cr, and also the parent Mt. This behaviour seemed to be related to the interaction between the solids and MB, because the dye was strongly adsorbed on the solids (the solids were slightly blue even after careful washing for reuse), so removal was mainly due to adsorption, and to a much lesser extent to true degradation. So, the solids that more strongly bonded the dye in the first cycle must retain part of this dye after the recycling procedure, those positions being consequently blocked for the new adsorption cycle. In contrast, the dye weakly bonded to the other solids may be more successfully washed off during the recycling procedure. It may be considered that MB is positively charged and that adsorption is below the cation exchange capacity (CEC) of the clay, and largely below the adsorption values reported in the literature, [54] which suggests that cationic exchange should be the predominant adsorption mechanism. Results in Table 6 suggest that the dopant elements contribute to the degradation, and also to adsorption during the experiments in the dark. The possible leaching of these transition cations was not evaluated, but it should be considered that pillared clays incorporating transition cations have been used as catalysts in different oxidation reactions, and the leaching of the transition metals is usually very low, even negligible. [55] Comparing the removal efficiency when the experiments were carried out under illumination or in the dark, it can be assumed that the amount of dye removed in the dark was due to adsorption, whereas the amount removed in the presence of light may be due to the sum of that removed by adsorption plus that removed by degradation, all the solids being effective catalysts for photodegradation of the dye, favoured by the easy access of dye molecules to the large surface area of the solids. The spectra of the solutions after finishing the process only showed the band corresponding to the residual presence of MB. However, new bands relating to intermediate degradation species were not recorded. This finding suggested the complete mineralisation of the dye, confirming the strong degradation efficiency of the catalysts.
Adsorption of trimethoprim
Kinetic studies Natural Mt and the solids MtTiFe10 and MtTiCr10 were chosen for this study, because these are the solids that showed the best behaviour in MB adsorption. First, the time required for these solids to reach equilibrium in TMP adsorption experiments was determined. Removal percentages close to 75 % were obtained after only 5 or 10 min using the pillared solids as adsorbents, whereas 150 min was needed to reach the same adsorption percentage when using the original clay.
Degradation of TMP was evaluated on the natural Mt and on the pillared solids TiCr and TiFe in the dark. Degradation was observed after 15 min, although the resulting by-products could not be identified (the characteristic band from TMP decreased in intensity and shifted to a lower wavelength, Fig. S3 ). Both pillared clays maintained the same degradation effectiveness using natural sunlight, confirming their high activity. Pillared clays showed clear changes in the intensities and positions of the UV-vis bands, confirming the oxidation of TMP, whereas the parent Mt showed decolourisation, but not degradation, because no changes in the positions of the UV-vis bands were observed, but only a reduction of the intensities of the TMP bands. So, the removal was mainly due to adsorption, probably through hydrogen bonding between -NH 2 groups in TMP and Brönsted acidic sites in the solids.
Concerning the experiments carried out in the dark, pseudofirst-order and pseudo-second-order kinetic models were used to fit the experimental data, in order to examine the mechanism that controlled TMP adsorption onto these adsorbents. [56] The Largengren or pseudo-first-order equation obeys the following equation: [57] q t ¼ q e 1 À expðÀk 1 tÞ ½ ð 7Þ
where k 1 (mL min À1 ) is a first-order constant, q t (mg g À1 ) is the amount of TMP adsorbed at time t (min), and q e (mg g
À1
) is the amount of TMP adsorbed once the equilibrium has been reached. The pseudo-second-order model follows Eqn 8: [58] 
where k 2 (g mg À1 min À1 ) is a second-order adsorption constant and the other variables have the same meaning as above.
The pseudo-second-order equation fitted the experimental data better ( Table 7 ), confirming that the process was controlled by chemical adsorption. This suggested that there was a strong adsorbent-adsorbate interaction, and that there was more than one type of active site for the adsorption of the molecules. The constant showed a very low value for the natural Mt, increasing for the pillared clays, indicating that the intercalation of the polycations favoured the adsorption of TMP.
Equilibrium experiments
To evaluate the efficiency of the adsorbents, equilibrium adsorption was studied as a function of the equilibrium concentration (Fig. 7) . In all cases, the adsorption capacity of the adsorbents increased when increasing the initial TMP concentration. According to the Giles classification, the shapes of the isotherms corresponded to L2-type behaviour for Mt and MtTiFe10 and L4-type behaviour for MtTiCr10. [59] L-type or Langmuir isotherms have a convex, non-linear slope. In this case, the availability of the adsorption sites decreased when increasing the solution concentration. According to this classification, the L2-type curves indicated a saturation of the surface where the adsorbate has more affinity for the solvent than for the adsorbed molecules, whereas the adsorbents showing L4-type curves should have complete layers of adsorbed TMP, as confirmed by the fact that the isotherms reached a plateau. [60] The regression coefficients for the Freundlich, Langmuir and Toth equations were always higher than 0.93 (Table 8 ). The best fitting was observed for the Langmuir model, suggesting that the adsorption occurred at identical and equivalent sites forming a monolayer, this being favourable in all cases because the equilibrium parameter R L is less than the unity. Pillared clays for methylene blue and trimethoprim removal I
Conclusions
Mt was effectively pillared with Ti polycations incorporating small amounts of dopant cations. The final solids had large basal spacing, specific surface area, porosity and acidity. Powder Xray diffraction patterns showed the typical reflections of expanded Mt. In the presence of light, the solids showed high photocatalytic activity for the removal of MB. Without light, the adsorption of TMP reached percentages of ,75 % after 5 or 10 min, compared with the 150 min needed for the natural clay to reach the same adsorption percentage. The pseudo-second-order kinetics model described the adsorption well, whereas the equilibrium Langmuir isotherm was the best for describing the adsorption mechanism.
Supplementary material
Additional characterisation data for the solids are available from the Journal's website. 
